Discrepancies in condensed tannin concentrations in grape skin determined by different analytical methods prompted the closer examination of aspects of the methodologies. One of these was the choice of extraction solvent. Condensed tannins were extracted from Shiraz grape skins using a range of aqueous solvent mixtures ranging from zero to 100% acetone and ethanol to examine the relative effectiveness of each solvent mixture and to determine whether different solvent mixtures extracted similar condensed tannin components. Acetone extracted more condensed tannin than ethanol. Mixtures of 50 to 70% acetone were equally effective. The most effective ethanol concentration was 50%. Epicatechin-gallate terminal subunits were not detected by HPLC following acid-catalysed cleavage in any of the extraction solvents. Extension subunit composition was similar between solvents across most mixtures. Polymers were generally shorter in the ethanol extracts than in the acetone extracts. Despite differences in tannin concentration and polymer length, the subunit composition was similar in 50% ethanol and 70% acetone. More tannin and tannins with longer polymer lengths were extracted with 70% acetone than with 50% ethanol. This suggests that all grape skin tannins are similar in composition, varying only in length. Thus, 50% ethanol and 70% acetone would give a fair indication of the grape skin tannin composition extracted into wine. However, both 50% ethanol and 70% acetone may overestimate the amount of tannin that is extracted into wine, as wine typically has a much lower solvent concentration, ranging between 10 and 15% ethanol.
INTRODUCTION
Wine grape tannins are significant contributors to wine quality (Gawel, 1998) . The measurement of tannins in wine grapes before harvest gives an indication of the tannins that could be extracted into the wine during winemaking, and of the quality of the wine (Skogerson et al., 2007) . There are a number of published methods for assessing tannin levels in grapes, ranging from the precipitation of tannins by protein (BSA) or methylcellulose (Harbertson et al., 2002; Sarneckis et al., 2006) to analysis by high-performance liquid chromatography (HPLC) (Kennedy & Jones, 2001; Peng et al., 2001) . These approaches require the extraction of the condensed tannins from the grape tissue prior to analysis, regardless of the analytical method.
A number of extraction solvents have been trialled, including ethanol, methanol, acetone, n-butanol, diethyl ether, ethyl acetate and aqueous and/or acidified mixtures (Hagerman, 1988; Kantz & Singleton, 1990; Alonso et al., 1991; Kallithraka et al., 1995; Pekic et al., 1998; Kelm et al., 2006) . Numerous reports comparing a range of different extraction solvents populate the published literature (Alonso et al., 1991; Kallithraka et al., 1995; Pekic et al., 1998) . However, much of the published research has only examined selected solvent mixtures rather than the full range of possible mixtures (Alonso et al., 1991; Kallithraka et al., 1995) . Consequently, the effectiveness of different acetonewater and ethanol-water mixtures in extracting condensed tannin, particularly from grape skin, has not been compared.
The most commonly used solvent for proanthocyanidin extraction from grape berries is 70% acetone in water (v/v), although 50% ethanol in water (v/v) has also been used (Sarneckis et al., 2006; Mercurio et al., 2007) . Recently, published research comparing different analytical techniques for determining condensed tannin concentrations in grape skin reported significant discrepancies between analytical methods (Seddon & Downey, 2008; Harbertson & Downey, 2009) . One of the suggested causes of this difference was the extraction solvent employed. One method used 50% aqueous ethanol (v/v), while the other used 70% acetone in water (v/v). The authors postulated that the different extraction solvents may have preferentially extracted different classes of the heterogeneous group of compounds that comprise condensed tannins.
The aim of this study was to compare the extraction efficiency of a range of aqueous mixtures of both acetone and ethanol as solvents for the extraction of condensed tannins from Shiraz grape skin. The compositional analysis of the tannin polymers extracted in each solvent mixture is also reported.
MATERIALS AND METHODS

Chemicals
Methanol, ethanol, formic acid, glacial acetic acid and hydrochloric acid (30%) were purchased from Merck (Darmstadt, Germany). Phloroglucinol, sodium acetate, L-ascorbic acid, (+)-catechin, (-)-epicatechin and (-)-epicatechin gallate were purchased from *Corresponding author: mark.downey@dpi.vic.gov.au [Fax: +61 3 5051 4523] Sigma-Aldrich (St. Louis, USA). Deionised water was obtained through a Millipore system supplied by Milli-RX AnalyticalGrade Water Purification System (Millipore, Billerica, USA).
Grape samples
Samples were collected during the 2009 vintage from the Deakin Estate vineyards in north-western Victoria (Australia; 34°27' South, 142°19' East). Approximately 40 whole bunches were collected during commercial harvest and stored overnight at 4°C to remove field heat. Grape berries were removed from the rachis, and a sub-sample of the bulked berries was assessed for berry weight and skin weight. Grape skins were collected from the remainder of the berries by expulsion of the seeds and flesh. Skins were immediately frozen in liquid nitrogen and ground to a fine powder using an IKA grinder (A11 Basic grinder, IKA Works, Petaling Jaya, Malaysia). Samples were stored at -80°C until required for analysis.
Extraction and analysis of condensed tannins
Aqueous mixtures of ethanol and acetone (0-100% ethanol or acetone) were used to extract condensed tannins from the grape skin to determine the effectiveness of the solvents. Shiraz grape skin (0.40 g) were suspended in 4.0 mL of solvent, mixed briefly on a VM1 vortex mixer (Ratek Instruments, Boronia, Australia), sonicated for 20 minutes at room temperature (ca. 23°C) using a FXP14D sonicator (Unisonics Australia, Sydney, Australia) and vortexed again. The samples were centrifuged for 5 minutes at 16 110 × g, using a Rotofix 32 A centrifuge (Hettich, Tuttlingen, Germany).
Three 100 µL aliquots of the supernatant were transferred to fresh microfuge tubes and dried under vacuum at room temperature. Samples were suspended in 50 µL phloroglucinolysis reagent and incubated at 50°C for 20 min. The samples were quenched with sodium acetate (50 µL) as described by Kennedy and Jones (2001) . For each replicate, the 100 µL reaction product was transferred to a HPLC autosampler vial. Reaction products were separated on two Phenomenex (Lane Cove, Australia) Onyx monolithic C18 columns (100 x 4.6 mm, 2 µm) by HPLC and their identities confirmed by retention times and mass spectral analysis according to the method described by Hanlin and Downey (2009) . Terminal subunits of catechin, epicatechin and epicatechin-gallate were quantified against calibration curves of their corresponding pure standards, while extension subunits were quantified using a catechin calibration curve, followed by conversion to their individual subunit equivalents using published conversion factors for the extension subunit phloroglucinol adducts (Kennedy & Jones, 2001) . Total tannin was determined as the sum of the quantified subunits. Average polymer length was calculated as the sum of the known terminal and extension subunits divided by the terminal subunits (Guyot et al., 1999) . Because average polymer length or degree of polymerisation (DP) offers only limited information on polymer length, and many combinations of terminal and extension subunit concentrations could result in the same average polymer length, we have refined the notation for polymer length to include the ratio of the terminal subunit concentration to the extension subunit concentration, with average polymer length reported in parentheses: [terminal:extension (average)]. This notation conveys all of the elements of polymer length, and terminal subunit concentration can be used as a surrogate for polymer number.
RESULTS AND DISCUSSION
Total tannin
The total condensed tannin subunits extracted using ethanol-water and acetone-water mixtures were determined by summation of the subunits after conversion to individual subunit concentrations ( tannins than those containing ethanol at a given concentration. Total tannin extracted from Shiraz grape skin increased with increasing proportions of ethanol, until a maximum extraction was reached at 50% ethanol in water. The concentration of extracted tannin then decreased in mixtures higher than 50% ethanol in water. The concentration of the extracted tannin was lowest in 100% ethanol and 100% water.
The concentration of extracted tannin increased steadily from zero percent acetone (100% water). A maximum tannin concentration was reached between 50 and 70% acetone, and fewer condensed tannins were extracted above 70% acetone in water. At 100% acetone the level was greater than for 100% water, and greater than the amount extracted in 50% ethanol. These observations were consistent with previously published research on total tannin extraction in ethanol and acetone (Kallithraka et al., 1995; Pekic et al., 1998; Harbertson & Downey, 2009 ).
Tannin polymer subunit composition
Tannin polymer subunit composition was determined following the acid-catalysed cleavage of the polymer in the presence of phloroglucinol, i.e. a strong nucleophile reagent. Individual subunits were separated by reversed-phase HPLC, quantified against pure standards of catechin, epicatechin or epicatechingallate or converted to individual subunit equivalents using published conversion factors (Kennedy & Jones, 2001 ).
An analysis of the terminal subunits, using various ethanol-water and acetone-water mixtures, revealed that the composition of the terminal subunits extracted in ethanol and acetone was similar for all mixtures (Fig. 2) . Catechin and epicatechin terminal subunits were detected in the sample. Epicatechin-gallate terminal subunits were not detected. In ethanol, the proportion of catechin terminal subunits ranged from 59 to 66% of the total terminal subunits, while in acetone the proportion of catechin terminal subunits ranged from 63 to 70%.
The absence of epicatechin-gallate as a terminal subunit in this sample was partly due to low levels observed in Shiraz skin from this site (Hanlin & Downey, 2009) , and partly related to the difficulty in identifying epicatechin-gallate at low levels in the background of unidentified peaks in the HPLC separation following phloroglucinolysis (Kennedy & Jones, 2001; Gu et al., 2002) .
These unidentified peaks are artefacts of the process of acidcatalysed cleavage in the presence of the nucleophile, which results in a range of nucleophile adducts and other products. The response of catechin and epicatechin standards to phloroglucinolysis was examined. Standards of catechin and epicatechin analysed by phloroglucinolysis and HPLC recovered 81.6% catechin and 84.5% epicatechin. Mass spectral analysis of the unidentified peaks present in the HPLC separation identified a 415 m/z ion. This ion was consistent with previous reports that identified 415 m/z as a flavan-3-ol adduct of phloroglucinolysis (Foo & Karchesy, 1989) . Mass spectral analysis also indicated the epimerisation of catechin to epicatechin and catechin to epicatechin. The epimerisation of flavan-3-ol monomers has also been observed in samples that have undergone thiolysis (Gu et al., 2002) .
Extension subunit composition was similar for all mixtures of ethanol and acetone with water. Epigallocatechin and epicatechin in acetone-water mixtures represented around 45% of the total extension subunits each, while catechin and epicatechin-gallate represented around 5% each, with some slight variation around these values (Fig. 2) . The proportional composition of condensed tannin extension subunits was consistent with previously published data for Shiraz skin extraction (Downey et al., 2003; Hanlin & Downey, 2009 ).
The extension subunit composition was virtually identical for zero and 10% ethanol, and similar between 20 and 50% ethanol. The proportion of epigallocatechin extension subunits decreased and the proportion of epicatechin increased with an ethanol mixture higher than 50%. The proportion of catechin and epicatechingallate extension subunits was relatively constant across all ethanol-water mixtures. The proportion of epicatechin ranged from 43.4% in 10% ethanol to 54.5% of extension subunits in 90% ethanol. Epigallocatechin ranged from 45.6 in 10% ethanol to 35.7% in 90% ethanol. Catechin extension subunits ranged from 4.0 to 8.6%, while epicatechin-gallate extension subunits ranged from 3.1 to 5.4%.
Epicatechin extension subunits ranged from 45.8% in 60% acetone to 48.8% in 30% acetone, while epigallocatechin extension subunits ranged from 42.6% in 60% acetone to 44.1% in 70% acetone. Catechin extension subunits ranged from 4.1 to 5.0%, and epicatechin-gallate ranged from 3.6 to 4.7%.
Small differences in the proportional composition of the condensed tannins extracted from Shiraz grape skin across a range of both acetone and ethanol mixtures suggest that both acetone and ethanol are extracting the same class of tannins. The other suggestion is that all tannins in grape skin are relatively similar and do not contain different subclasses of tannin. The main extension subunits were epicatechin and epigallocatechin in all the mixtures, with catechin and epicatechin-gallate extension subunits present at relatively low levels. These findings are consistent with previously published reports for Shiraz (Hanlin & Downey, 2009 ).
The similarity in the proportional subunit composition of tannin polymers in all mixtures of acetone and ethanol signifies that both common extraction solvents, 50% ethanol and 70% acetone, are representative of the tannins extracted into wine, which is between 10 and 20% ethanol. However, the composition of tannin extracted into wine varies depending on the interactions of tannin with other wine components, such as yeast and cell wall metabolites that can bind tannin and prevent its extraction (Hazak et al., 2005) . Winemaking practices can also influence wine tannin composition, for example through the addition of fining agents such as gelatine that preferentially removes tannin high in epicatechin gallate (Maury et al., 2003) .
Tannin polymer length
The average polymer length ranged from 6.6 subunits in the water extraction to a maximum of 27.2 subunits in 60% acetone (v/v) and 17.0 subunits in 50% ethanol (Fig. 3) . The average length of the tannin polymers extracted was significantly lower (p < 0.05, n = 3) in all the ethanol mixtures than in the acetone mixtures. The average polymer length increased steadily in ethanol mixtures of 10% to 50% ethanol in water (v/v). A decrease in polymer length occurred with ethanol mixtures higher than 50% in water (v/v). At 100% ethanol, the average polymer length was 5.2 subunits, which was lower than the level extracted in 100% water (6.6 subunits). For the acetone mixtures there was no significant difference in the average polymer length of the tannins extracted in 30% acetone (v/v) up to 80% acetone (p > 0.05; n = 3).
If we examine the elements of average polymer length, i.e. the number of terminal subunits and average polymer length using (Table 1) , it is apparent that the actual number of polymers, as represented by the concentration of terminal subunits, increased in the ethanol-water mixtures. Polymer number increased from zero to 40% ethanol and then declined in mixtures above 50% ethanol. Similarly, terminal subunit concentration, and thus polymer number, increased in acetone extracts from zero to 70% acetone and then decreased. The presentation of the data using the abovementioned notation shows that polymer number and average polymer length are greater in aqueous acetone extracts than in aqueous ethanol extracts.
While the terminal and extension subunit composition was relatively constant across most of the ethanol and acetone mixtures, average polymer length and polymer number were not. Thus, for analyses requiring a measure of total tannin in grape skin, 70% acetone is the most effective solvent. However, for a winemaker the total amount of tannin in the grape skin is less important than the amount likely to be extracted during winemaking. Under these circumstances, 70% acetone would certainly overestimate the amount of tannin extracted and the length of polymers that might reasonably be expected in the fermenting wine.
Similarly, tannin extracted in 50% ethanol would also not be representative of the tannin extracted into wine. Wine is typically between 10 and 20% ethanol. It is interesting that, at 10 to 20% ethanol, average polymer length (Fig. 3) was between five and 10 subunits, similar to the polymer lengths in wine reported elsewhere (Monagas et al., 2003; Pastor del Rio & Kennedy, 2006) . This suggests that only small tannin polymers are extracted during winemaking, with large polymers remaining in the grape tissue, possibly bound to the cell wall matrix (Hanlin et al., 2010) . For this reason, perhaps extraction with a model wine would be more appropriate for estimating potential grape skin tannin extraction into wine. As employed in this investigation and elsewhere, the method of tannin extraction, phloroglucinolysis and HPLC separation underestimates average polymer length because free monomeric flavan-3-ols are extracted with each of the solvent mixtures used. During HPLC separation, free monomers and terminal subunits are indistinguishable. To overcome this, some practitioners have determined free monomers separately and subtracted the concentration of free monomers from the total of free monomers and terminal subunits following HPLC-phloroglucinolysis. However, as discussed above, around 15% of monomeric flavan-3-ols are converted to phloroglucinol adducts of flavan-3-ol degradation products during phloroglucinolysis. Thus, the total of free monomers and terminal subunits would be underestimated, which would overestimate average polymer length. This would also explain why some workers have observed very low, zero or sub-zero terminal subunit concentrations as a result of subtracting the independently determined free monomer concentration from the total of free monomers and terminal subunits following phloroglucinolysis. To overcome this limitation, in our laboratories we have employed liquid-liquid purification of the tannin extract to remove monomers and low molecular weight material prior to phloroglucinolysis (Hanlin & Downey, 2009 ). However, because this approach includes removal of some oligomers, and because some terminal units would be degraded by phloroglucinolysis, average polymer length would also be overestimated. The removal of non-tannin and low molecular weight material by liquid-liquid separation prior to phloroglucinolysis substantially improves HPLC peak resolution and identification.
Unfortunately for this investigation, the method of liquidliquid purification normally used in our laboratories was optimised for the purification of tannin extracted in 70% acetone (Hanlin & Downey, 2009 ) and proved to be incompatible with ethanol extraction solvents and extraction solvents with low concentrations of acetone. Thus, in this investigation, all of the tannin extracts were analysed by HPLC-phloroglucinolysis without further purification to maintain a consistent approach. Another approach would have been to use solid phase extraction, but dimethylcinnamaldehyde staining (Li et al., 1996) indicated that some tannin material was usually retained on these columns and this was not pursued further.
The solubility of flavan-3-ols also varies with different solvents, with monomers being more soluble in 50% ethanol than in 70% acetone (Kallithraka et al., 1995) . The aqueous ethanol extracts of tannin may have higher concentrations of monomers, some of which were converted to degradation adducts. The lack of a reliable method warrants a certain amount of circumspection when analytical data is interpreted. The choice of extraction solvents and analytical methods can therefore influence the results obtained.
The tannins extracted in most of the solvents, particularly 50% ethanol and 70% acetone, had similar compositions. This suggests that there is most probably a single type of tannin present in wine grapes. The differences in total tannins observed by Seddon and Downey (2008) using different analytical methods could be partially due to solvent choice. Differences in the subunit composition of tannin polymers probably contribute little to the observed discrepancy. However, there were significant differences in average polymer length and polymer number and this can be the fundamental basis of the differences between the analytical methods (Harbertson & Downey, 2009 ). The analytical methods employed by Seddon and Downey (2008) do not describe the polymer length distribution of the tannins in grape skin, although gel permeation chromatography adapted for HPLC (Kennedy & Taylor, 2003) may be a suitable analytical tool for this purpose.
CONCLUSIONS
Acetone-water mixtures were more effective solvents than ethanolwater mixtures for the extraction of condensed tannins from grape skin, and were equally effective across a range of concentrations from 50 to 70% (v/v). The most effective concentration of ethanol in water was 50% (v/v). At these concentrations, terminal and extension subunit composition was comparable to ethanol and acetone extracts, although average polymer length and polymer number varied. Based on these observations, 50% ethanol in water would be a suitable substitute for 70% acetone in cases where organic solvents such as acetone are unacceptable (e.g. sensory evaluation of wine). The extraction variability reported between the solvents indicates that the selection of solvent mixture is important and depends on the objective of the analyses to be performed on the extracted tannin.
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